In the last decade, the development of theoretical methods have allowed chemists to reproduce and explain almost all of the experimental data associated with elementary atom plus diatom collisions. However, there are still a few examples where theory cannot account yet for experimental results. This is the case for the preferential population of one of the Λ-doublet states produced by chemical reactions. In particular, recent measurements of the OD( 2 Π) product of the O( 3 P) + D 2 reaction have shown a clear preference for the Π(A ) Λ-doublet states, in apparent contradiction with ab initio calculations, which predict a larger reactivity on the A potential energy surface. Here we present a method to calculate the Λ-doublet ratio when concurrent potential energy surfaces participate in the reaction. It accounts for the experimental Λ-doublet populations via explicit consideration of the stereodynamics of the process. Furthermore, our results demonstrate that the propensity of the Π(A ) state is a consequence of the different mechanisms of the reaction on the two concurrent potential energy surfaces.
Introduction
Chemists are keen to describe chemical reactions in terms of the motion of billiard balls on a more or less complex quantum electronic landscape, the Potential Energy Surface (PES). However, this picture is not always valid and quite often, several PESs have to be considered, giving rise to non-adiabatic effects that may have a decisive influence on the dynamics. When this is the case, it is not possible to disentangle experimentally the contribution of each of the competing surfaces, answering the question of which of them is more/less reactive, and why. The presence of multiple PESs correlating reactants and products leads to open shell molecules in which the rotational levels are split in spin-orbit states, and, in turn, each of them in two nearly degenerate Λ-doublet levels that can be spectroscopically resolved due to different selection rules. In spite of the tiny energy difference between the Λ-doublet pair of states, a clear preference towards one of them is observed in many chemical reactions [1] [2] [3] [4] [5] [6] . As pointed out by several authors, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] the Λ-doublet population acts as a fingerprint to unravel the symmetries of the surfaces involved in the process so that the propensity for one of the manifolds reflects the competing reactivity of concurrent PESs and addresses the question of where the electrons go when the reaction takes place 14, 16 . However, a general, clear-cut relationship between them has not yet been demonstrated.
Collisions leading to NO( 2 Π) and OH( 2 Π) are prototypical for the study of Λ-doublet propensities. Recent experiments by Minton, McKendrick and coworkers 5, 6 have determined the OD(X 2 Π) state-to-state Λ-doublet population ratios for O( 3 P)+D 2 collisions. Regardless of the collision energy and final vibrational *E-mail: aoiz@quim.ucm.es state, they consistently found a significantly larger population of the Π(A ) Λ-doublet state compared to the Π(A ) one, where the labelling of the states refers to the location of the singly occupied orbital in the rotation plane of the diatom, Π(A ), or perpendicular to it, Π(A ), in the limit of high products rotational states j . 13, 15, 17 This result seems to contradict the theoretical results, which would predict a preference for Π(A ) under the assumption that for the two concurrent PESs, of symmetry 3 A and 3 A , collisions on the first one will only form the Π(A ) Λ-doublet state and vice-versa. This simple assignment is supported by the rationale that for direct, sudden collisions, the products "remember" the collision conditions and, thus, there should be a close relationship between both symmetries. It should be pointed out that a general procedure to connect the reactivity on concurrent surfaces with the Λ-doublet population has not been achieved. In what follows, we present a method that connects the reactivity on the A and A PESs with the populations of the respective Λ-doublet states, through the explicit consideration of the reaction stereodynamics. As will be shown, this method is capable to reproduce and to explain the origin of the experimental Λ-doublet propensities.
This article is organize as follows: In the theory section we will present the method (the interested reader is referred to the Appendix for a more detailed presentation). In the Results and Discussion section, the OD(X 2 Π) Λ-doublet population ratios for O( 3 P)+D 2 reaction have been calculated and compared with the experimental results. The present theory also allows us to connect the predicted Λ-doublet propensities with the reaction mechanism. Finally, the main conclusions will be summarized.
Theory
We will start by invoking conservation of the reactive flux, which implies that the population of the two Λ-doublet states and the cross sections on the A and A PESs are related by
where σ v j (A ) and σ v j (A ) are the rovibrational state resolved cross sections on the two respective PESs and W A and W A represent the "correction factors" to obtain the Λ-doublet cross sections for a given v , j rovibrational state. As commented on above, in the sudden limit, the flux ending on the A PES is assigned to the Π(A ) state and vice versa, which is equivalent to setting W A = 1, and W A = 1.
For a given nuclear geometry, the weights W A and W A are the square of the coefficients that define the expansion of the D-OD asymptotic electronic wavefunctions in terms of the Λ-doublet molecular wavefunctions ϕ[Π(A )] and ϕ[Π(A )], 14
These coefficients are related to the dihedral angle between the three-atom plane and the OD molecular plane. 14 This angle connects the symmetry of the PES to that of the Λ-doublet state, and, in the high j limit, can be identified with θ j j j u u u , the angle between the rotational angular momentum, j j j , perpendicular to the OD rotation plane and the vector u u u perpendicular to the three-atom plane 18 (see Fig. 6 in the Appendix). For the A PES the singly occupied orbital lies in the triatomic plane and, hence, a A 1 = cos θ j j j u u u , and a A 2 = sin θ j j j u u u . Conversely, for the A PES, the orbital lies perpendicular to the triatomic plane, leading to a A 1 = − sin θ j j j u u u , and a A 2 = cos θ j j j u u u . To obtain the weights W A and W A , one just needs to average cos 2 θ j j j u u u over one rotational period for calculations on the A and A PES respectively. This is straightforward in the quasiclassical trajectories (QCT) framework, 18 where θ j j j u u u can be computed at every step of the trajectory. In a pure quantum mechanical (QM) context the equivalent magnitude would be j A crucial finding, that can be demonstrated using either QCT or QM arguments (see Appendix), is that cos 2 θ j j j u u u rot , the average value of the square angle cosine is related to the helicity, Ω , the projection of j j j on the products recoil direction (k k k ), through the expression:
Equation (5) has very important implications: W A and W A for a given rovibrational state depend only on the distribution of the helicities and, in general, will differ because such distributions reflect the mechanisms on the concurrent PESs, that can be different. This means that equations (1) to (5) can be used to: i) determine Λ-doublet populations also in a purely QM context, for which Ω is well defined, and ii) relate the Λ-doublet populations with the reaction mechanism (see below).
The average value of |Ω | 2 can be determined from the product rotational alignment moment, a (2) 0 ( j ), which contains the essential information about the alignment of j j j with respect to the product recoil velocity, and is given by 19
where σ v j (Ω ) is the cross section resolved in (v , j , Ω ), : :, 20| : :
1/2 , which for high enough j is
. The average value of Ω for a given j is
leading to the following expression for W A ,
where the polarization moments, a 0 , close to its lower limit, correspond to j j j ⊥k k k and |Ω | ≈ 0, whilst positive values, close to one, imply that j j j ||k k k and |Ω | ≈ j . According to eqn (8) , weight factors close to zero are associated with a (2) 0 ≈1; that is, products on the A PES would appear as the Π(A ) Λ-doublet state and vice versa. When a (2) 0 ≈-1/2, the weight factor tends to 1 and products on the A PES would correspond to the Π(A ) Λ-doublet state.
Results and Discussion
Aiming to test the method and to try to reproduce the experimental results of Minton, McKendrick and coworkers 5, 6 , we carried out adiabatic time-independent QM and QCT calculations following the procedures described in Refs. 20-22 using a new set of 3 A and 3 A PESs (see method section for further details).
The adiabatic QM state-to-state reactive cross sections for the O( 3 P) + D 2 reaction at E coll = 25 kcal mol −1 , one of the energies of the experiments carried out by Minton and coworkers 5 , are represented on the top left panel of Fig. 1 . These results show that, whilst for low OD(v = 0, j ) rovibrational states the A PES is as reactive as the A one, for j > 12 the integral cross sections (ICS) on the A PES are considerably larger than those on the A PES. This is not surprising as, although both PESs have the same barrier height, the potential energy raises faster with the bending angle for the A electronic state than for the A state 23 , i.e., 
0 , referenced to k k k (which defines the z axis). The alignment moment a (2) 0 is given by the average value C −1 3ĵ 2 z −ĵ 2 /2, whereĵ 2 andĵ z are the rotational angular momentum operators and C is the constant that appears in eqn (6). Calculations are presented for O(
on the A and A PESs. Whilst the product rotational angular momentum, j j j , on the A PES is strongly polarized perpendicular to k k k (negative a
0 values), for the A PES the distribution of j j j is largely isotropic for low j .
the "cone of acceptance" is larger on the A PES. The inclusion of non-adiabatic couplings in the dynamics does not change this picture, as trajectory surface hopping 24 and non-adiabatic QM calculations 25, 26 also indicate larger reactivities on the A PES.
Before discussing the other panels of Fig. 1 , it is pertinent to inspect the integral alignment moments, a (2) 0 , which are shown in Fig. 2 as a function of the rotational state for v = 0. The differences between the values and the trends in a (2) 0 ( j ) on the two PESs are conspicuous, and indicate that very different stereodynamics are at play on the two surfaces. For reaction on the A PES, j j j is strongly polarized perpendicular to the recoil direction, k k k , for essentially all j states, and in some instances ( j = 15-17) the a (2) 0 values are very close to the limiting negative value. In stark contrast, on the A PES, j j j is almost unpolarized for j ≤15, with small a (2) 0 values close to the isotropic limit, a Inserting the values of the alignment moments calculated on both PESs into eqn (8) yields the weight factors, W A and W A . They are shown in the bottom panel Fig. 1 for v = 0 at E coll = 25 kcal mol −1 . As can be seen, for j < 15, W A < 0.5, which, in effect, means that more than 50% of the reactivity on the A PES is "transferred" to the Π(A ) Λ-doublet state. In contrast, as a result of the consistently fairly negative values of the alignment parameters, W A is always > 0.6 and in some cases is a large as 0.80. In consequence, the relative "transfer" of reactivity from A to Π(A ) is much less significant than that found from A to
Π(A ).
Therefore, after correction, the relative population on the Π(A ) state is significantly enhanced. The resulting Λ-doublet populations are depicted in the right panel of Fig. 1 . Quite remarkably, the situation is the reverse of that found for the reactivity on the respective PESs: the Π(A ), Λ-doublet state is considerably more populated than the Π(A ) state for low j . In particular, for j = 12, σ (Π A ) = (3/2) × σ (Π A ). At higher j values ( j > 18) the populations of the two Λ-doublets are very similar.
In Fig. 3 , the experimental Λ-doublet population ratios measured 5 at 25 kcal mol −1 are compared with the present QM (left panels) and QCT (right panel) calculations for the v = 0, 1 manifolds. All the results are plotted against N = j + 1, where j and N stand for the nuclear (closed-shell) and total (apart from spin) rotational angular momentum, respectively. For each case, two series of results are shown: (i) the ratio of the ICSs on the A and A (labeled as 'QCT' and 'QM') where W A and W A are implicitly set to one, and (ii) the ratio of the populations on the Π(A )/Π(A ) using eqns. (1) and (2) with the correction factors included. For the latter results (labeled as 'corr-QM' and 'corr-QCT'), the W A and W A factors are calculated according to eqn (8) . It is evident that the uncorrected QCT and QM results cannot account for the experimental Λ-doublet ratios and, regardless of j , predict larger populations on the Π(A ) state, in striking disagreement with the experimental results. In contrast, the corrected results reproduce fairly well the experimental values. In particular, the 'corr-QM' results are within the experimental error bars for most of the final states shown, particularly for OD(v = 1).
As shown in Fig. 4 , similar agreement between experimental 6 and theoretical results is obtained at E coll = 20 kcal mol −1 . At even lower collision energies, E coll = 15 kcal mol −1 , the agreement between the corrected QCT and experimental results is not as good, probably because the collision energy is just above the barrier. In fact, no trajectories were found for N >13, whilst the QM and experimental data populate up to N = 21. The corrected QM results remain in good agreement with the experiments at this low collision energy. It is worth noticing that while our corrected results predict quantitatively the experimental Λ-doublet ratio regardless of the collision energy and vibrational manifold studied, uncorrected results fail to account qualitatively the experimental measurements, predicting a preference towards the Π(A ) states.
As already discussed, the way in which cross sections on the A and A PESs are combined to obtain the Π(A ) and Π(A ) populations is strictly related to the alignment of the product rotational angular moment with respect to the recoil direction. To show this effect more clearly, the values of σ (v = 0, j , Ω ) as a function of Ω and j are depicted as contour maps in Fig. 5 for the A and A PESs. The differences between the respective contour maps are clear to see. The ICS for a given j state includes the contribution from many Ω values on the A PES, whilst on the A the contribution is restricted to relatively few, low Ω values. Hence, this picture complements Fig. 2 . Negative values of a (2) 0 close to the limit imply that |Ω | is very small, nearly zero. If the contributions of higher Ω values becomes more significant, the alignment moment tends to be zero.
A more quantitative analysis can be carried out by relating the Ω contributions to the weight factors that have been used to extract the Λ-doublet populations. To this end, we have used isocontour lines for the different values of the weight factors. If in eqn (8), a (2) 0 is replaced with the j Ω , 20| j Ω , which is nothing but the a (2) 0 for a pure ( j , Ω ) state, we can assign a single weight factor to every point on the j − Ω surface. On the A PES, most of the reactivity comes from low Ω values ( j j j ⊥k k k ), falling within the W A > 0.75 limits shown by the central dashed lines in Fig. 5 . In contrast, on the A PES we find two different trends. For the highest j values ( j > 15) most of the reactivity corresponds to low Ω , as for the A PES, although some contributions from higher Ω values can also be seen. However, with decreasing j , the low Ω peak coexists with additional peaks corresponding to Ω ≈ j values ( j j j ||k k k ), which appear along the W A ≈ 0.25 dashed lines. The averaging over these two contributions leads to a nearly isotropic alignment (a (2) 0 ∼ 0). These contributions represent two distinct mechanisms: one coplanar which gives rise to low Ω , and another one, that takes place only on the A PES, which correlates with high Ω states and for which the three-atom and OD rotational plane tend to be orthogonal.
Conclusions
In spite of the tiny energy difference between the Λ-doublet pair of states, a clear preference towards a particular Λ-doublet state is observed for many chemical reactions. This intriguing fact has long puzzled researchers and, actually, has been the subject of an ongoing discussion for more than thirty years.
Throughout this article we have presented a new method that allows one to extract the Λ-doublet populations from the cross sections on the A and A PESs. It is shown that the transformation between the reactivities on the A and A PESs and the Λ-doublet populations only requires knowledge about the stereodynamics of the reaction, in particular of the alignment of the products rotational angular momentum, j j j , along the recoil direction, k k k . This procedure is in principle general and can be used in combination with scattering data obtained using both QCT and QM adiabatic and non-adiabatic methods.
This method has been applied to the O( 3 P) + D 2 reaction, for which we have carried out QCT and QM adiabatic calculations. Although couplings between the concurrent PES has not been included, our method accounts quantitatively for the experimental Λ-doublet populations obtained by Minton and coworkers 5, 6 that have thus far remained unexplained. The analysis of the results has shown that the preference for the Π(A ) Λ-doublet state is due to the existence of an additional mechanism on the A PES for which OD rotational plane tend to be orthogonal to the threeatom plane. This mechanism has been traced back to the comparative topographies of the A and A PES, the latter characterized by a broader cone of acceptance.
Computational Methods

Ab Initio Calculations:
The PESs of the lowest 1 3 A and 1 3 A states were determined using 3500 ab initio points for each PES that were calculated using the MOLPRO suite of programs. 27, 28 For both oxygen and hydrogen atoms, an aug-cc-pV5Z basis set including spd f g basis functions was used. To obtain an accurate and homogeneous description of the PESs, the state-average complete active space (SA-CASSCF) method 29 was employed. The active space considered consisted of 8 electrons distributed in 6 orbitals (2-6a and 1a ) in order to include all valence orbitals of oxygen and the 1s orbitals from both hydrogen atoms. The state-average orbitals and multireference configurations obtained were then used to calculate both the lowest 1 3 A and the lowest 1 3 A state energies with the internally contracted multireference configuration interaction method (icMRCI), including single and double excitations 30 and the Davidson correction. 31 The ab initio icMRCI+Q energies for the 1 3 A and 1 3 A electronic states were fitted separately using the GFIT3C procedure introduced in Refs. 32-34, in which the global PES is represented by a many-body expansion:
where V 
AB the diatomic terms (AB=OH,OH,HH) and V ABC the 3-body term (ABC=OHH). The overall rms error of the two analytical potentials calculated over the 3500 geometries was found to be 0.61 kcal/mol and 0.44 kcal/mol for the 1 3 A and 1 3 A states, respectively.
Both PESs do not present any minimum out of the asymptotic channels, and both show two saddle points. The first saddle-point corresponds to the reaction barrier, with an energy 13.8 kcal/mol above the reactant valley. It corresponds to an O-H-H linear geometry where both states are degenerate. In both PESs, this saddle-point was found at r OH = 2.28 a.u. and r HH = 1.71 a.u., in good agreement with the position and energy of the saddle point optimized at the ab initio level, which is found at an r OH distance of 2.30 a.u. and an r HH distance of 1.68 a.u, and have an energy of 13.6 kcal/mol above entrance channel. The second saddle-point is found for a linear H-O-H geometry with both OH distances equal to 1.75 a.u., and lies at 80.7 kcal/mol above the entrance channel, well above the largest energy considered in this work.
Dynamical Calculations
Based on the PESs obtained, QCT and time independent QM calculations were carried out at the three collision energies: 15 kcal mol −1 , 20 kcal mol −1 , and 25 kcal mol −1 . QCT calculations consisted of batches of 5 × 10 6 trajectories following the methodology described in Refs. 21 and 22. The trajectories were started and finished at a atom-diatom distance of 20 a.u. (∼ 10 Å), and the integration step size was chosen to be 0.05 fs, which guarantees a energy conservation better than a 0.01%. The rovibrational energy of the reactant D 2 molecule was calculated by semiclassical quantization of the action using the potential given by the asymptotic reactant valley of the PES. The assignment of the product quantum numbers was carried out by equating the square of the classical D 2 molecule rotational angular momentum to j ( j + 1)h 2 . The vibrational quantum number v was found by equating the internal energy of the products to a rovibrational Dunham expansion. The "quantum numbers" so obtained were rounded to the nearest integer.
To extract the contributions of each trajectory to the Π(A ) or Π(A ) Λ-doublet states, it is sufficient to determine the classical product a (2) 0 polarization parameters with respect to the recoil direction on each PES. This polarization parameter is given by P 2 (cos θ j j j k k k ) , where the brakets indicate the averaging over the set of reactive trajectories leading to a given final state.
Time independent QM calculations were carried out using the ABC 20 code. The basis set for the calculations included all the diatomic energy levels up to 63.4 kcal/mol. The propagation was carried out in 150 log-derivative sectors up to a distance of 20 a.u. For J > 0 the value of Ω max , the maximum value of the projection of J, and the rotational angular momentum onto the body fix axis was always chosen to be larger than the maximum value of j energetically accessible. Fig. 6 The frame of coordinates that defines the various vectors relevant in the quasiclassical description. The rotational angular momentum, j j j , is shown in black and kept fixed along the z axis. The O-H internuclear axis (r r r , in red) rotates perpendicular to j j j and its possible values are shaded in red. The recoil direction k k k , also fixed, is shown as a green arrow. Vectors k k k and r r r define the three-atom plane. The possible directions of the vector u u u = r r r × k k k are shaded in blue. For a particular r r r (red vector), u u u is shown as a blue arrow.
the projection of j j j onto the SF axis, but in the present case, since k k k is taken as Z, it corresponds to the helicity which is commonly designated by Ω ). As discussed in refs. 8,12,13, with this choice of frames, for Ω = 0 and j 1, j j j lies along u u u (the y axis) and xz is the rotation plane. For Ω = j and j 1, j j j is along the x axis, which in this case is along −Z and the rotation plane is yz.
Classically, | j j j | 2 cos 2 θ j j j u u u represents the square of the projection of j j j onto the u u u vector. In QM, the equivalent magnitude would be ĵ 2 u u u , the expectation value of the square of the operator that represents the projection along u u u. It can be shown that the expression ofĵ u u u is simply −i∂ /∂ θ k k k r r r . 36 
